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PREFACE
It is often important in interpreting metabolic data to know whether
the oxygen utilization or carbon dioxide production of resting cell sus-
pensions 1x1 the absence of a substrate continues or is inhibited when a
substrate is added. This question was raised by both Barker, in 1936,
and Doudoroff, in 1%0, in connection with studies of oxidative assimila-
tion in microorganisms. Until 1%9 theire was little further elucidation
of this problem, most experimenters relying on suggestions of Barker and
Doudoroff. With the increase in production of radioisotopes and the more
extensive use of radioactive C-^ as a tracer element in biochemical re-
search, however, the question has come to the foreground again.
An attempt is made her© to compile experimental data concerning this
problem and to reach some conclusions c»i the manner of approaching its
solut ion
.
The author appreciates the innumerable and most helpful suggestions
of Dr. Roderick K, Clayton of the United StatPs Naval Postgraduate School,





Chapter I Introduction 1
Chapter II Empirical Methods of Solution
. , 4
Chapter III Radioactive Technique 14






1 Diagram of Metabolic Activities of a Cell 2
2 Plot of Op Uptake vs Time in P. zopfii 5
3 Plot of Op Uptake vs Time in P. chrysogenum 16
(C^ unequally distributed in cell)
4 Plot of Op Uptake vs Time in P. chrysogenum 18





It is a conunon practice, in studying many of the metabolic pro-
cesses of microorganisms, to wash the cells to be studied and suspend
them in a phosphate buffer. These cells are then lacking in nutrients
and are referred to as resting or non-proliferating cells. It may be
desirable to know the metabolic fate of a particular substrate, such as
glucose, in an organism in the aerxjbic state (requiring oxygen). If so,
specific amounts of the substrate can be added to the suspension, and the
amounts of Oj consumed and COp produced can be observed manometrically.
When experiments of this type were first performed, substrates of a car-
bohydrate nature were employed in a few cases, and the respiratory quo-
tient indicated the complete oxidation of the substrate [4j.
CC>2 evolved
These few cases led many to believe that the added substrate was oxidized
completely. However, in the 1920' s it was shown that very often only 2/3
to 3A of the Op needed for complete oxidation of the substrate was ac-
tually consumed. Barker's explanatiOTi f 1 J of this phenomenon was that
part of the substrate is assimilated and incorporated into the cells and
part is oxidittd to COj and H2O, with the latter reaction providing energy
for the synthesis of the cell material. This process of "oxidative assimi-
lation" is now thought to be carried out by a wide variety of microorganisms,
although the exact chemical reactions involved with a particular substrate
depend upon the microorganism used, its growth medium, and the experi-
mental conditions.
Resting cells in a non-nutrient buffer solution will continue to sur-
vive for seme time, by oxidizing cellular materials (believed to be of a

carbohydrate or lipid nature) to CO- and H2O. This process is the en-
dogenous respiration (or autorespiration) of the cells, as opposed to the
exogenous respiration (assimilation and oxidation of a substrate). For
clarity, let us represent the metabolic activities of a cell, in a simpli-










( simple organic l ^
compounds)
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Fig. 1—Diagram of Metabolic Activities of a Cell
The following definitions can then be stated:
EXOGENOUS RESPIRATION:- Net 0^ uptake and CO. evolution attending the as-
similation of substrate (a) and its partial conversion (c) to stored
sources of carbon,
ENDOGENOUS RESPIRATION:- Net O2 uptake and CO2 evolution attending all
oxidations not accounted for above; chiefly, the degradation (b) and par-
tial resynthesis (c) of stored sources of carbon.
Consider, now, an experiment in which the disappearance of substrate,
the uptake of Op, and the evolution of COp are measured. Suppose that we
wish to know the efficiency with which the substrate is utilized; i.e., the
increase in carbon content of the cells resulting from the dissimilation
* Clayton, R.K, Unpublished

of a given amount of substrate. To obtain this information from the fore-
going experiment, we must distinugish CO^ respired endogenously from that
which is respired exogenously.
Furthermore, it is of interest to know whether the introduction of a
substrate leads to a slowing or a cessation of the degradation (b) of stored
carbon. *
It is the belief of many experimenters that the endogenous respiration
will continue unaffected >^en a metabolite is added to a cell suspension
of some microorganisms, but it has been shown by others that it is com-
pletely or partially suppressed. To date, no definite conclusicais have
been reached to cover the general situation, but recently more reliable
information has been provided through the radioactive tracer technique.
Carbon atoms in substrates can be replaced by the radioactive isotope C"^
and after oxidative assimilation of the substrate, the source of the re-
spired COp can be determined. This is an improvement over earlier methods,
which were entirely empirical.
Because of these two avenues of approach. Chapter II of this article
deals with the purely empirical methods, while Chapter III is concerned with
those employing radioactive C^, In Chapter IV conclusions are drawn from




EMPIRICAL METHODS OF SOLUTICN
About twenty years ago, H.A. Barker investigated the problem of en-
dogenous respiration while studying the oxidative metabolism of the color-
less alga, Prototheca zopfii. His answer to the question, "Is endogenous
respiration suppressed by exogenous respiration in the presence of a sub-
strate?", is stated as follows:
In the presence of an easily oxidizable material such as glycerine
which greatly increases the rate of respiration, the Eigenatraung
(endogenous respiration) may be considered to be almost completely
suppressed. It seems certain that with substances which are oxi-
dized relatively slowly, such as the higher fatty acids, the Eigenat-
mung would not be negligible but would have to be corrected for in
some manner ^ 1 ] .
Barker's criterion [ij for deciding whether or not a correction
for endogenous respiration should be made was the constancy of the ratio
^ consumed
...«^«. . He defined "Og consumed" as the Og up-
Maximum theoretical O2 con8\Juned
take which accompanies respiration of a specific amount of substrate (ei-
ther corrected or not corrected for endogenous respiration), "Maximum
theoretical Op consumed" is the volume of Op needed to oxidize this spe-
cific amount of substrate completely to CQp and HpO. This criterion
seemed sound, since the value of uptake per unit quantity of substrate
decomposed should not depend upon the total amount of substrate.
Using manometric techniques. Barker determined the endogenous respira-
tion of these microbes as they were resting in a buffered solution. He
then added increasing amounts of glycerine to several buffered suspensions
of these cells and observed the O2 uptake at definite intervals. If a plot
of time vs O2 uptake is made (Figure 2), the point where the graph makes a
"break" marks the time at which the substrate is considered to be completely

decomposed. (This break is not always definite, especially with slowly
oxidized substrates). In calculating the aforementioned ratio. Barker
employed two alternative values of "C^ consumed". First, he used the un-
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Figure 2—A typical plot of time vs Cu uptake by Prototheca zopfii,
showing endogenous 0^ uptake and 0^ uptake in the presence
of glycerine,
this valjie he subtracted the endogenous 0^ uptake for the corresponding
length of time. Table I summarizes some of Barker's data. Column (e)
lists his ratio using uncorrected values of Op uptake; in column (g) the
ratio is computed from corrected values of Op uptake. Neither of these
ratios remains constant as the amount of substrate increases, but the






















6,90 5ifl $3 170 31.4 117 21.6^
13.8 1062 75 329 30,4 254 23.5
27.6 216^ 106 659 30,4 553 25.6







values using the uncorrected Otg uptake (colunm e) vary the least. Con-
sequently, Barker concluded that endogenous respiration of P. zopfii was
suppressed in the presence of the substrate glycerine, so that no correc-
tions should be made for endogenous respiration ]" 1 1 •
Let us examine now the results of other investigators who employed
Barker's ratio as a criterion for Judging the behavior of endogenous
respiration.
In 1951 Stout and Koeffler [l3 ] attenpted to determine the abso-
lute amount of carbon assimilation that occurred in a suspension of Pen-
cillium chrysogenum, strain Q-176, with glucose as a substirate. It was
not possible for them to make this determination without knowing hc*r much
of the Op uptake and CO^ produced was attributed to endogenous respira-
tion. They were well aware of the fact that if autorespiration is small
in comparison to the exogenous rate, it matters little if a correction
is applied, but if it is appreciable, as it is in strain Q-176, the con-
trast between results obtained with or without corrections is great.
Their procedures were similar to Barker's. Cells were starved for
two hours and then permitted to utilize increasing amounts of glucose.
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The results of their experiment, including Barker's ratio with both cor-
rected and uncorrected values of O2 uptake, are presented in Table II,
The significantly smaller variations in column (g) suggest that
endogenous respiration was not suppressed during the oxidation of glucose.
In these experiments Stout and Koeffler used a very low concentration of
glucose, in order to obtain complete decomposition of the substrate within
a reasonable length of 'time. The question, "Will higher concentrations
of glucose suppress the endogenous respiration?", was left unanswered.
Since large amounts of glucose were used in their experiments on assimi-
lation. Stout and Koeffler presented two complete sets of data, and ar-
rived at two separate conclusions, one based on values corrected for en-
dogenous 0_ uptake, and the other using no corrections. It was left to
the reader to decide whether or not endogenous respiration was suppressed.
A similar approach was used by Winzler [ 14 | , who encountered
the problem while investigating the amounts of acetate oxidized and as-
similated, under various conditions, by the principle constituent of
Q2 uptake
Baker's yeast, Saccharomjrces cerevisiae. He examined the ratio
. ,
acetate used
as the quantity of acetate utilized was increased,* Table III shows the
results of experiments using cells harvested from different growth media.
In experiments denoted #1, cells were grown in agar with glucose and pep-
tone. In those denoted #2, cells were grown in a liquid medium contain-
ing a complex carbon source.
The cells were washed and several samples of each type were suspended
in phosphate buffers. Increasing amounts of acetate were added to the
cell suspensions. The aforementioned ratio was confuted both with (column f)
* This is comparable to Barker's ratio. Note paragraph (2) page (1)
7
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* no concentration given
TABLE III
and without (column d) a correction for endogenous respiration. Column
(f) indicates, without question, that the data for the liquid-grown
cells (#2) display a nearly constant ratio if endogenous metabolism is
subtracted. The results for the agar-grown cells are not co sonclusive,
Winzler claimed that the ratio for agair grown cells was more constant
when no correction was made for endogenous respiration. In the opinion
of this author, no definite conclusions can be reached, using Barker's
criterion. If the number of individual experiments represented by these
data were available, a statistical analysis could be made; such infor-
mation is lacking here,
McElroy, in 1944 L ^^ ] °^® ^ statistical analysis of his cal-
culations of Barker's ratio, computed while experimenting with the lumi-
nous bacterium, Achromobacter fisheri. A conclusive decision could not
have been made, on the basis of his data, without such an ^analysis.
d

Table IV contains the mean values of Barker's ratio, computed by
McElroy from several determinations of the 0^ uptake in cell suspensions
containing increasing amounts of glucose. The maximum variation in the
mean values, uncorrected for endogencMs respiration (column b), is 21.7 -
18.7 or 3.05^; for the corrected values (column c), it ^s 1.1/^. McElroy
tested the significance of these variations by comparing the two mean
values, 21.7 ± .9 and 13.7 ± .2 (column b). Using the "student t"
distribution, f 9 1 he found that the probability that these samples be-
long in the same statistical population is less than 1^. Comparing the
values 21.3 - .3 and 18,7 't .2, which pertain to a larger number of
measurements, the probability is less than 0.1^. This definitely indi-
cates that the mean value for the low glucose concentrations are sig-
nificantly different from those for the high glucose concentrations.
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.18 21.7 ± .9 j 16.3 t .7 3
.36 21.3 1 .3
1
16.2 t .5 10
.72 19.9 ± .2 15.5 t .2 26
l.U 19.0 ± .4 15o6 t .3 7
2.16-5.76
1
18.7 t .2 15.2 i .3 7
TABLE IV
Comparing 16.3 ± .7 or 16.2 ± .5 with 15.2 ± .3 (corrected ratios,
column c)," McElroy found that the probability that these individuals be-
long to the same population is greater than 10^. Thus, he concluded that

the more constant value for oxygen consumption Is given when the endo-
genous respiration is subtracted; i.e., exogenous respiration of glu-
cose, in the concentrations used, does not completely inhibit the en-
dogenous respiration.
By the use of statistical analysis, McElroy demonstrated that
Barker's criterion could be employed in cases which do not seem decisive
at first glance.
van Niel and Cohen have attempted to show that auto-respiration is
not suppressed by substrates which are metabolized at a low rate. Til
J
Their proof, however, is based on invalid assumptions.
The microorganism utilized in these experiments, Candida albicans,
metabolizes pyruvic acid very slowly, van Niel and Cohen assumed that
the following reactions represented the oxidation and assimilation of
pyruvic acid by a resting cell suspension of these microbes:
CH3COCOOH -*- .5O2 >C02 -»- CH3COOH
CH^COOH + >C02 + H2O -»- (CH 0)
CH COCOOH -^ I.5O2 ^2C02 -P H^O f (CH2O)
or—for each mole of pyiruvic acid metabolized, two moles of COp are pro-
duced and 1,5 moles of are consumed, (CHjO) is the assimilated por-
tion, represented as a carbohjrdrate. Table V lists the results of two
experiments in which the rates of O2 uptake and COp production were
nearly constant.
From the balanced equation, the expected results would be 336^/^1
Op utilized and UU&^l CO2 produced per 10^ moles substratie decomposed,













evolution in 30 minutes. Since decomposition of 10y</ moles of pyruvic
acid took 130 minutes, autorespiration (if it occurred) led to 7UM 1
taken up and 65^ 1 CO produced.
If the data in Table V are now corrected for autorespiration, we
obtain:
512 - 65 = U7^ 1 CO.
412 - 74 = 33&yi4 1 0^
"in excellent agreement with the expected results I" f H 1 Thus, van Niel
and Cohen concluded that autorespiration in Candida albicans is not sup-
pressed during the oxidation and assimilation of pyruvic acid.
It would have been equally plausible to write:
CH^COCOOH + I.7O2 >2.2C0^ -h I.2H2O -h .8(CH20)
as the overall reaction for the metabolism of pyruvic acid. The ex-
pected results in this case would be 3^0^ 1 Op utilized and 490^ 1
COt^ produced, both of which are close to the experimental results, un-
corrected for autorespiration.
It is known now that the overall reaction describing the metabolism
of a particular substrate by a particular organism varies markedly with
the physiological condition of the organlwi [3] • Consequwitly, any
treatment based upon a priori assumptions of overall reactions cannot
yield conclusive results. Barker's ratio, then remains the most reliable
n

data obtained in these experiments,



























































In the experiments numbered 1, the substrate was metabolized rapidly.
If a compsirison of data in columns (e) and (f) is made, it is seen that
a correction for endogenous metabolism is inappropriate. In the ex-
periments niombered 2 and 3> the substrate is being metabolized slowly,
and a correction for endogenous respiration is clearly necessary where
the uncorrected uptake is beyond the maximum theoretical 0^ uptake of
3.50 moles per mole of substrate oxidized.
Investigations of the sort we have examined have not yet provided a
conclusive and general answer to the question, "Is endogenous respiration
suppressed by the simultaneous respiratioi of a substrate?" Let us t\im





Radioactive isotopes, such as C"^ and P , are widely used today
to study biochemical processes. It was not until the late 1%0'3, how-
ever, when these isotopes could be produced relatively inexpensively,
that thqr were employed to any great extent in investigating the oxida-
tive assimilation of substrates in microorganisms. In such experiments,
carbon atoms of carbon-beeiring substrates are replaced by radioactive
C^, before adding the substrates to buffered suspensions of the cells
being studied. After a period of respiration, the sum of the activities
of C^ in respired CC^, In the extracellular liquid and in the cells
should equal the initial activity of the radioactive substrate. The ac-
tivity of respired CO^ is then an indirect measure of the CXj uptake, if
the R.Q.* remains constant.
Reiner, Gest and Kamen [^12 J utilized C"^ in an experiment designed
to determine whether or not endogenous respiration continued simultaneously
with exogenous respiration, in Saccharomyces cerevisiae. They suspended
glucose-grown cells in a phosphate buffer, and allowed them to assimilate
a labeled substrate (glucose or acetate). When the substrate was ex-
hausted, the cells were washed and resuspended in a buffered solution.
Some of the endogenously respired CO^ would now be radioactive. The cell
suspensions were exposed to either unlabeled acetate, unlabeled glucose,
or no substrate. The CO respired was precipitated as BaCO-, dried on
raicroporous disks, and the activity measured by a Geiger-Mueller counter.







Inactive Substrate C in CO2























It appeared from these data that endogenous respiration, in yeast,
was accelerated by the presence of a substrate. The experimenters, how-
ever, were aware of the existence of the pool of metabolic intermediates
common to both endogenous and exogenous respiration (Figure 1). It was
apparent that within this pool, exchange of carbon atoms between various
molecules could occur. No further explanations were made, Reiner, Gest
and Kamen concluded that endogenous respiration of yeast continued in the
presence of a substrate, but that the correction to be used on manometric
data could not be obtained directly from their data.
The fallacy in this experiment is apparent when one considers that
the extent to which the liberated C^O^ measures the overall endogenous
production of COp depends upon the distribution of C^ in the cell. Only
if all cell components have the same specific activity will the C'^Op
evolved allow a realistic estimate of the total endogenous respiration.
Even then, isotopic exchange between extracellular and intracellular
molecules can give spurious results,
15

To illustrate the effect of unequally distributed C^ in cells,
Blumenthal, Koeffler and Goldschmidt ^ 2 J measured the endogenous res-
piration of Penicillura chrysogenum, in the absence of substrate, after
the cells had metabolized labeled acetate for a period of three hours,
14
Of the total C O2 released by these resting cells during a three hour
period, over half was released dioring the first 30 minutes. (Figure 3).
) OI>
Figure 3—Plot of COj evolved and uptake vs time, in P. chrysogenum,
when C^ is unequally distributed within the cell [ 2 ] ,
Thus, C^02 evolved by cells labeled in this manner, is only representa-
tive of a small portion of the total endogenous respiration. Reiner,
Gest and Kamen could have overcome some of their difficulty by one of
two methods. If the microorganisms are grown frcan the beginning on la-
beled substrates, the C"^ is equally distributed. However, a less costly
method is to allow an already developed culture to continue growing for
a limited period of time, on a imiformly labeled substrate. When the
specific activities of the cellular carbon and the respired CO are equal,
then the cells are probably homogeneously labeled.
We are confronted thus far with three possible sources of error:
1. Failure to attain a steady state, evidenced by a respiratory
16

qiiotient which is not cwistant.
2, Non-uniform distribution of C^ in the cells.
3. Isotopic exchange between "pool intermediates" and exogenous
substrates,
A useful criterion for judging the absence of all of these sources
of error is the constancy of the ratio C Qg evolved . ^^^g ^^^^^ ^^-^
(>2 consumed
vary if any of the three conditions listed above are present. It is ap-
f l*fO-
parent from Figure 3 that in P. chrysogeniim the ratio ^ attains
02
constancy only after the first two hours. Reiner, Gest and Kamen made
no mention of this factor in their experiments on S. cerevisiae,
Doudoroff and Wiame {] 8 3 were interested in employing C ^-labeled
substrates to investigate the fate of carbon atoms that are assimilated
by Pseudomonas sacchairaphila. During their investigation, they were
able to collect data that were in agreement with Doudoroff s earlier con-
clusion: that the presence of a rapidly oxidized substrate largely in-
hibits autorespiration.
Their procedure was similar to that mentioned above, except that the
bacteria were grown from the start in a medium which contained the un-
labeled substrate to be studied (to adapt colls to this substrate). Later,
washed cells were allc^red to metabolize the labeled substrate, for a short
time. The cells were rewashed, resuspended in a phosphate buffer, and the
respired CO2 was collected both in the presence and absence of a substrate.
Table IX shows that metabolism of acetate inhibited autorespiration 86^.
A parallel experiment indicated that 96^ of the endogenous respiration




(1) TotfiQ. COk produced without substrate
(2) Total CO2 produced with acetate
(3) Total radioactivity of CO^ produced
without substrates ( count s/inin
.
)
(4) Total radioactivity of COp produced
with acetate








It is not evident in the data presented by Doudoroff and Wiame that
14
they gave consideration to the equal cell distribution of C . If they
took no special precautions in this respect, the contrast between their
results and those of Reiner, Gest and Kamen is striking,
Blumenthal, Koef fler and Goldschmidt C 2 1 were primarily interested
in the extent of suppression of endogenous respiration of substrates.
They used acetate-grown cells of Penicillum chrysogenuin, strain Q-176,





Tlr n^c ( K *,]
Figiire 4—Plot of C'^0^ evolved and O5 uptake vs time, in P. chrysogenum,
when C^ is equally distributed in the cell fS ] ,
18

It was ccncluded from this graph that oxidation of glucose did not
affect the rate at which C-^02 was released, but the oxidation of acetate
eventually suppressed release of C'^0_ almost completely. Yet, these in-
vestigators felt that it was premature to assert, without added experi-
mentation, that the endogenous respiration is inhibited by the oxidation
of acetate,
Cochrane and Gibbs took the problem of homogeneously labeled cells
into consideration, for they grew Streptonyces coelicolor on C"^ labeled
glucose, from the beginning. They compared the activity of respired CO2
produced by a buffered suspension of these radioactive cells, both in the
presence and absence of a substrate, Cochrane and Gibbs felt that if the
total activity of respired CO2 is reduced, upon addition of a substrate,
then the extent of such reduction is a measure of the suppression of the
endogenous respiration by the oxidation and assimilation of the substrate.
On the other hand, if no change in total activity of the respired CO-
occurs, the true measure of COp output caused by the oxidation of the
added substrate is the total value less the endogenous value,
Cochrane and Gibbs |] 5 J concluded that endogenous respiration,
in 3, coelicolor, is not appreciably suppressed by the exogenous respira-
tion of glucose or pyruvate, because the total activity of respired CO2
stayed relatively constant. (Table X),
Substrate None Glucose •Pyruvate
Time (mln) 60 60 60
CO2 evolved {ju 1)
O2 consumed {^ 1)
50 228 233
35 232 165




Both Doudoroff [8] and Blumenthal £ 2 J (et al) criticized the
conclusions of Cochrane and Gibbs. The above results seem reliable,
however, especially in view of the close agreement between values for
total activity in the three cases. S, coelicolor displays a rapid en-
dogenous respiration. Therefoire, in accord with Barker's ideas, the
exogenous respiration is relatively low compared to the endogenous, so
that endogenous respiration may not be suppressed.
Cochrane and Glbbs were also aware of the metabolic pool, and ex-
changes that might take place in the pool, but what precautions they took
to overcome this were not mentioned. They did specify that the experi-
ment was performed in a relatively short length of time, and this may
have some effect on the degree of suppression of endogenous respiration [ 6] .
By making a comparative analysis of the results attained using both
empirical methods and radioactive techniques, some conclusions concerning





Table XI is a summary of the conclusions of the various investiga-
tors discussed in this paper, who attempted to determine if endogenous
respiration continues during exogenous respiration, in the presence of
a substrate.
From the table it can be concluded that in general, when exogenous
respiration is carried on at a rapid rate, the endogenous respiration is
partially or completely suppressed, and when the exogenous inspiration
is proceeding slowly, then the autorespiration is probably not suppressed,
at least not to a noticeable extent.
Barker's criterion, and Claytoi's and Doudoroff's methods of star-
vation, appear to give results that are in agreement. It would be more
practical to use either of these methods rather than the radioactive
technique, which has yet to be perfected. Regardless of which method is
used, it is suggested that the degree of suppression of endogenous res-
piration be determined, for any particular experimental situation, be-
fore any other data pertaining to that situation are evaluated.
21
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